INTRODUCTION
The relative importance of random drift in evolution continues to be one of the major controversies in evolutionary genetics. The most generally accepted case in which stochastic genetic change might be important is in the founding of populations by small numbers of colonists. The severe bottlenecks associated with such founder events should decrease heterozygosity, because of the chance of loss of alleles, and also cause rapid change of allelic frequencies. Such changes at individual loci should be important in changing the genetic environment in which selection operates on interacting genes. The role of such founder effects in speciation has been emphasized by Mayr (1963) and Carson (1968 Carson ( , 1984 , and was significant in the development of the theory of punctuated equilibria (Eldredge and Gould, 1972) .
Founder events may also have effects on the genetics of invading species (e.g., Barrett and Richardson, 1986 ) and on conservation genetics, as the remnants of endangered species are analogous to founder populations (Carson, 1983; Berry, 1986) .
Although the potential effects of founder events are considerable, it is not clear how important they are in real populations (Barton and Charlesworth, 1984) . Genetic changes attributed to founder effects can often be explained by localized selection (e.g., Williamson, 1981) . species supposedly resulting from founder events often do not have the expected reduction of variation (White, 1978) .
Even in theory, the impact of founder events on populations is not straightforward. The direct effect on variability may be relatively small, and the important factor is the rate of recovery of population numbers; only if the bottleneck persists will there be substantial reduction of genetic variation (Nei et a!., 1975) . Determining the genetic impact of founder events is difficult, because it requires a knowledge of the history of founder populations. Introductions of species to new areas by man sometimes provide the opportunity to do this (Barrett and Richardson, 1986) .
The land snail Theba pisana is native to coastal regions of the Mediterranean and western Europe, as far north as Ireland and Wales. Founding populations were introduced to Western Australia in the 1890s, first being noticed near the port of Fremantle. Between 1925 and 1927 , a colony was established on Rottnest Island, 15 km off the mainland coast near Fremantle. Surveys of the distribution of T. pisana on Rottnest were made in 1936, 1947, 1958, and 1978 , providing a documented history of the introduced population (Johnson and Black, 1979) . The species has spread in two ways.
First, there has been a continuous spread of the colony from the site of introduction at the Settlement area, across much of the eastern portion of the island ( fig. 1 ). In addition, during the Second World War, there were secondary foundations of isolated colonies associated with military encampments in the western portion of the island. The colony at Cape Vlamingh has subsequently spread as far east as Marjorie Bay. A fire in 1974 reduced the extent of the colony, leaving isolated populations at Marjorie Bay and Cape Vlamingh.
Although the isolated colonies at Stark Bay and
The Bluff were not discovered until 1958 and 1979 respectively, it is likely that they were actually founded during the 1940s, as they also are at sites of military activity. With the exception of the establishment of these secondary colonies, human activities appear to have had little influence on the spread of T. pisana on Rottnest Island (Johnson and Black, 1979) . The history of secondary colonization and isolation of the western populations provides a contrast with the spatial and temporal continuity of the eastern populations.
To examine the genetic correlates of this history of founder populations of T pisana, allozymic variation has been studied in mainland and Rottnest Island populations in Western Australia. To consider the genetics of the introduced populations in a broader context, samples from eastern Australia, France, Israel, and Wales have been included in the study. Comparisons among these have been used to answer five questions: (1) how much variation is there in populations of T pisana from its native range? (2) has there been a reduction of variation in the introduced populations in Australia? (3) do the Australian populations have a common source? (4) is it possible, with adequate sampling, to determine the source area or areas? (5) do the allozymes support the hypothesis that T pisana consists of three genetic and geographical groupings (Cowie, 1984a) ?
MATERIALS AND METHODS

Samples
Samples were taken from eight sites on Rottnest Island ( fig. 1) . Four of these are in the eastern portion of the island, where T. pisana has spread from its original colony in the Settlement area. The other four sites are in the western portion of the island, which T. pisana has occupied through a series of secondary colonizations. This species was introduced to Rottnest from near Fremantle on the mainland, but the exact locality is unknown. It is not clear which of these peptidases were included in Nevo and Bar's (1976) study. Phosphoglucomutase was examined using two buffers:
PGM-3 was very active with the Tris-maleate buffer, interfering with the scoring of PGM-2; PGM-2 was scored with the Tris-citrate buffer, with which PGM-3 showed poor activity. For all enzymes represented by more than one locus, the loci were labelled numerically, in order of decreasing electrophoretic mobility of the enzymes. Alleles at each locus were labelled according to the mobility of their corresponding allozymes relative to that of the most common allele, which was given a value of 100. For those loci which are polymorphic in Western Australian populations, Mendelian segregation has been confirmed in comparisons of mothers and offspring (unpublished).
Analyses
Variability of populations can be characterized in several ways, which may be affected differently by founder events. Consequently, variation within (buffer 9), TC = Tris-citrate, (buffer 4), and LiOH = populations was expressed in three ways: average expected heterozygosity; average number of alleles per locus; and the per cent polymorphic loci, where a locus was considered polymorphic if the most common allele had a frequency of 099 or less.
The genetic similarities between populations were quantified using Nei's (1978) unbiased genetic identity and were summarized by UPGMA clustering (Sneath and Sokal, 1973) . For the polymorphic loci, geographic variation among selected groups of populations was quantified using FST, the standardized variance in allelic frequencies, which was corrected for sampling variance (Wright, 1965) . FST was determined for each allele, and FST for a locus was taken as the weighted average of the allelic values. Two methods were used to estimate the mean effective size of the Rottnest populations during the period since the colonization. The methods are based on sampling in finite populations, and do not include effects of selection or mutation. The first approach is based on the rate of decay of heterozygosity, which is expressed by
where H0 is the initial heterozygosity, H is the heterozygosity after t generations, and N is the harmonic mean of the effective population size over the t generations (Spiess, 1977: 321) . Using this relationship, N was estimated separately for the eastern and the western populations on Rottnest Island. H, was taken as the average heterozygosity within the populations of each group. The duration of the life cycle of T pisana is variable (Cowie, 1984b; Baker, 1986) , but changes in size-frequency distributions indicate that the species is mainly biennial in these Western Australian populations (unpublished observations). Thus, t is approximately 30 for the eastern populations and 20 for the western populations. For the eastern populations on Rottnest Island, H0 was estimated as the average heterozygosity in the two mainland populations. Since the western populations were secondarily derived, H0 for them was estimated as the average heterozygosity in the four eastern populations. This estimate is based on the reasonable assumption that heterozygosity in the large, continuous, eastern populations has changed relatively little in the past forty years. If heterozygosities in the source areas have decreased during that period, N will be overestimated.
Because it was necessary to use values of H0 from the source areas, rather than from the actual founders, the estimates of N include the sampling effects of both the founding event and the postfounding history.
The history of isolation of the western populations on Rottnest Island allows a second approach to the estimation of N. The effect of N on the variance in allelic frequencies among isolated populations derived from a common source is given by the formula ST 1 -[1 -(1/2N)J (Spiess, 1977, p. 347) . In order to estimate N, it was assumed that the western populations were derived from a common source 20 generations ago. Since the populations at Cape Vlamingh and Marjorie Bay were separated only in 1974, they were combined as a single population in the calculation of FST for the purpose of estimating N.
RESULTS
Western Australian populations
All of the measures of genetic variation show that the derived populations of Rottnest Island are genetically impoverished compared with the populations in the mainland source area (table 2) . Of the 25 loci studied, six are polymorphic in the Western Australian populations. Of these, only four are polymorphic on Rottnest Island. This reduction of polymorphism is due to the absence of the Ltp-196 allele, which is relatively uncommon on the mainland, and the Ltp-39' allele, which is one of the two equally common alleles on the mainland. The Ltp-2105 allele, one of three equally common alleles at the Ltp-2 locus on the mainland, is also missing from the Rottnest populations. The average number of alleles per locus is 113 in the Rottnest populations, compared with 124 in the mainland populations. Since there must be at least one allele per locus, this represents nearly a 50 per cent reduction of "extra" alleles in the Rottnest populations. Similarly, the average heterozygosity over the 25 loci is 30 per cent less in the Rottnest populations than in those on the mainland, 0.048 compared with 0.083 ( has unique alleles at high frequencies for both In general, the Australian populations show slightly higher identities with the French populations than with those from Israel. The similarity of the Australian and French populations is more apparent when allelic composition is examined (table 4). All of the alleles detected in Australia are present in the French populations, but several are missing from either Israel or Wales: Idh-190, Ltp-2'°5, Pgm-2'30, and Pgm-3'75 from both Israel and Wales; and Lap-110° and Ltp-295 from Wales. (1975) , the direct effects of a small number of founders are small. Since each individual in a panmictic population carries, on average, half of the heterozygosity of the population, a single fertilised colonist carries 75 per cent of the heterozygosity of the source population. In the case of T pisana, one pair of snails from the mainland could account for the heterozygosity of the Rottnest colonies. To account for the allelic composition of the Rottnest populations, however, more founders would be required. Using the Cottesloe population from the mainland as an example, the probability that a single pair of snails wouldhave all of the alleles found on Rottnest is only 005; seven snails would be required to be at least 50 per cent certain of obtaining all of the Rottnest alleles, while 20 snails would be needed for 95 per cent certainty. Since even seven individuals would represent 99 per cent of the heterozygosity in the source population, this suggests that the reduction of heterozygosity occurred at least partly after the founding of the Rottnest populations. Regardless of the actual combination of founder and post-founder effects, the implication of the relatively low allozymic variation is that random sampling has overwhelmed selection in the early history of these populations. Since it is often difficult to distinguish between founder effects and selection (e.g., Williamson, 1981) , it is important to justify this interpretation. The observed patterns are exactly as predicted for the history of bottlenecks: sequential loss of alleles and greater genetic divergence with repeated founder events. Indeed, this predictability is a clear rejoinder to the frequent criticism that evolutionary theory is non-predictive. Despite the considerable divergence among the western populations on Rottnest, the average allelic frequencies are quite similar to those for the eastern group, as would be expected for a set of populations derived independently from a common source. These genetically divergent populations occupy very similar habitats. The main plant species at these sites is Acanthocarpus pressii, which forms a low, dense cover over much of the island. This uniformity, combined with the equalizing effects of the surrounding ocean, makes it highly unlikely that strongly divergent selection is occuring among the Rottnest populations.
The low diversity of the derived populations on Rottnest contrasts with most examples of introduced species, including cane toads (Esteal, 1985) and rabbits (Richardson et a!., 1980) in Australia, and, among snails, Cepaea nemoralis in Virginia (Johnson et a!., 1984) , Cerion casablancae in Florida (Woodruff and Gould, 1987) , and
Biomphalaria straminea in Hong Kong (Woodruff et a!., 1985) . In the case of the cane toads, the introduction was large, and the population has continued to grow. Similarly, the introduced population of C. casablancae began with 55 individuals and shows no sign of subsequent bottlenecks. For the rabbits, a few dozen individuals very quickly gave rise to large populations. The introduced B. straminea has been even more prolific: since its accidental introduction in the early 1970s, it has become locally the most abundant freshwater snail in Hong Kong. Clearly, successful colonists do not typically undergo sufficiently severe bottlenecks to cause a marked reduction of variation; it may well be that the populations that do lose considerable variation are doomed to extinction (Barton and Charlesworth, 1984) . In the latter context, it may be worth noting that, despite having been abundant, T pisana has undergone a severe reduction of numbers on Rottnest Island in recent years (Perry, 1978 Even the divergence between the Rottnest populations and the mainland is striking. The average genetic distance (Nei, 1978) between Rottnest populations and mainland populations is 0040. Since this divergence has occurred over a period of 60 years, it represents an increase in genetic distance of 667 per million years, which is nearly 5300 times faster than the average rate estimated for Partula snails in the Society Islands (Johnson et a!., 1986) and 11,100 times faster than the rate for vertebrates (Maxson and Maxson, 1979) . This means of expressing the divergence emphasizes the large effect that a history of founder populations can have. From an evolutionary perspective, the potential importance is the change in the genetic environment in which future mutation and selection will occur.
There are also practical implications of this result with respect to the use of molecular clocks to infer times of divergence from allozyme data. Based on the commonly used vertebrate "clock" (Maxson and Maxson, 1979) , the estimated time of the formation of the Rottnest populations would be more than 600,000 years ago. Over evolutionary time, this effect of bottlenecks on increasing the rate of divergence should be compensated by a decreased rate of change, due to the reduced variation within the derived populations (Chakraborty and Nei, 1977) . Nevertheless, the clear implication is that differences in demographic history can make genetic distance a poor indicator of both the onset of divergence and the relationships among populations. For example, the Rottnest populations, on average, are more similar to the Tasmanian population than to those from the source area in Western Australia ( fig. 2) . Extension of the analysis of founder effects to the introduction of T pisana to Australia is difficult, because the detailed history is not known.
The allelic compositions are consistent with the possibility that colonies in Western Australia, Victoria, and Tasmania had a common source: these areas share the same common alleles, and almost all of the less common ones, at each of the loci range and are probably of fairly recent origin (Cowie, 1984a) . The intermediate heterozygosities of the populations from Israel could also reflect a relatively recent occupation of that area. Since T.
pisana is not present in Pleistocene deposits on the coast of Israel, it probably has arrived in Israel in historic times (Heller and Tchernov, 1978) . Although more samples will be required for confirmation, the high heterozygosities of the French populations may be more "typical" for this species in the central part of its range. In addition to the variation in heterozygosity, there is substantial geographic variation of allelic frequencies in T pisana in its native range. Particularly striking is the genetic divergence of the Welsh populations, both from those in the Mediterranean region and from each other. This divergence supports Cowie's (1984a) suggestion, based on variation in shell banding, that there are three geographical groupings in T. pisana, two of which are represented in Wales: Britain, northern France (represented by populations near Porthcawl in Wales), and the Mediterranean.
The geographic variation of T. pisana provides information about the possible source area of the Australian colonies. Of the three groups in the native range, only the Mediterranean populations could be the source. The Welsh populations are missing several alleles which are common in Australia, and which must have been present in the ancestral populations. Even within the Mediterranean region, it is possible to exclude Israel as the source area, since the Israeli populations also lack alleles which are present in Australia. Nevo and Bar's (1976) study of eight populations, over a distance of 180 km in Israel, included the Pgm-2 and Pgm-3 loci. The Pgm-213° allele was not found in any of the populations, and Pgm-3'75 was found in only two, at low frequencies, so that the exclusion of Israel can be made with confidence. In contrast, the French populations possess all of the alleles found in Australia and the most common alleles in the Montpellier area are generally those which are present in Australia. If the Montpellier populations are similar to the ancestral ones, the implication is that approximately 50 per cent of the variation was lost in the colonization of Australia. Since the introductions of T pisana to Australia occurred by sea around the turn of the century, however, it is quite possible that the snails came from South Africa, where the species is also introduced. Inclusion of South African populations would be particularly interesting in future studies of possible paths of introduction of this species. While this study provides only an introductory look at geographic variation in T. pisana, it shows that more detailed studies are warranted, both in the context of tracing the patterns of introduction and for determining the geographical scale and connectedness. of the quite distinct groups within this species.
